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Most modern reptiles are carnivorous or insectivorous, whereas less than 2% of 
the >7,800 currently recognized species are considered to be herbivorous. Of these, 
herbivory is confined entirely to lizards; less than 3% of known lizard species eat 
significant amounts of plants. Most, if not all, herbivorous animals utilize a population of 
symbiotic microorganisms which can break down plant structural polymers. This study 
analyzes the bacterial populations from fecal/uric acid deposits of wild and captive 
samples of the endangered, herbivorous San Esteban chuckwalla (Sauromalus varius: 
Iguanidae). Substrate and diet samples were also analyzed. Most studies of digestive 
symbionts use indirect microbiological methods, which are unable to detect and identify 
many species. 16S rDNA polymerase chain reaction-based denaturing gradient gel 
electrophoresis (DGGE), which overcomes many limitations of indirect microbiological 
methods, was used in this study. The banding patterns produced suggest that the wild 
and captive-bred lizards have different bacterial populations being excreted in their feces. 
Diet and substrate samples do not appear to be contributing to these differences. All four 
statistical methods used produced dendograms with two distinct clades for wild and 
captive-bred lizard fecal/uric acid deposit samples. The data from this study suggest that 
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the fecal bacterial composition of captive-bred lizards are not a subset of the original wild 
population, but are a distinctive group with as much diversity as the wild population. 
Differences in diet between these two populations may have impacted the differences 
presented here. A herbivore must have the digestive microbial symbionts required to 
digest their native diet and this is especially important for S. varius, which has a native 
diet that consists of toxic substances and scarcely available food. 
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Most modern reptiles are carnivorous or insectivorous, whereas less than 2% of 
the >7,800 currently recognized species are considered to be herbivorous (Espinoza, 
2002). Among these reptiles, herbivory is confined entirely to lizards, of which only 
about 3% of the species are known to eat significant quantities of plant food. Of the four 
main groups of lizards, Iguania, Gekkota, Scincomorpha and Anguinomorpha, 
herbivorous forms are known in all the groups except the Anguinomorpha. Most 
herbivorous species are found in the families Iguanidae and Agamidae, although some 
notable larcertid herbivores are found on some islands (King, 1996). 
The endangered, herbivorous San Esteban Island chuckwalla (Sauromalus varius: 
Iguanidae) is the largest of the 11 taxa in the genus, reaching an adult size of 323 mm 
SVL, over 600 mm TL (Grismer, 2002). This species is known only from the Gulf of 
California island of San Esteban, Sonora, Mexico. However, a recent report documented 
S. varius on the island of Roca Lobos, Baja California (Hollingsworth et al, 1997). This 
population is thought to be the result of a recent human introduction, as there is little 
genetic differentiation from the San Esteban population. 
Sauromalus varius is listed as endangered under the endangered species acts of 
Mexico and the United States, and is included in CITES appendix I as endangered in the 
entire range since March 20, 1980. This species is threatened by illegal commercial trade 
for zoos, the pet trade, clothing and other industries. This situation is facilitated by the 
similarity in appearance to its non-threatened sister species, S. obesus. Exports of S. 
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varius are often declared as S. obesus. Sauromalus varius is considered a delicacy 
among the Seri, the original inhabitants of San Esteban Island (Lawler, et al., 1994.). 
A captive colony of S. varius has been maintained at the Arizona-Sonora Desert 
Museum (ASDM) in Tucson, Arizona, since 1977. Since 1981, a breeding colony of 
eight males and 13 females has been assembled at ASDM. A total of 205 progeny, 
representing ten maternal lines, have been produced through 1992 (Lawler, et al., 1994). 
As a food source for vertebrates, most plant tissue has less available energy than 
animal tissue. No vertebrate possesses the enzymes required to break down the plant cell 
wall components (cellulose, hemicellulose and lignin), yet broken down they must be if 
the herbivore is to have access to the more easily digestible contents of the plant cell, 
such as proteins and carbohydrates. Plant cell walls can be partially ruptured 
mechanically with teeth or by muscular churning of the stomach. Most herbivores, if not 
all, utilize a population of symbiotic microorganisms which can break down plant 
structural polymers chemically. These microsymbionts, living in anaerobic conditions, 
ferment cellulose and related polymers to produce volatile fatty acids which can be 
absorbed by the host to be used as a source of energy. The microbes themselves can also 
be a source of energy. Among the most common bacterial genera found in the cecum are 
Acidaminococcus, Bacteroides, Bifidobacterium, Clostridium, Fusobacterium, 
Lactobacillus, Peptostreptococcus, Selenomonas, and Streptococcus (McBee, 1971). 
Plants have developed many features to reduce herbivory and these are especially 
important in desert environments where plants often exhibit numerous anti-herbivore 
deterrents. Spines, stinging hairs and hard protective coatings to seeds and fruits are 
obvious morphological mechanisms. In addition to these, many plants contain secondary 
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metabolites which are toxic to herbivores. The main kinds of secondary compounds are 
alkaloids, terpenoids, cyanogenic glycogens, condensed tannins and hydrolysable tannins 
(Swain, 1976). The effects of these substances on animals vary, from distasteful to toxic. 
The digestive microsymbionts in the herbivore gut produce the enzymes necessary to 
break down and detoxify many plant secondary substances (Parra, 1978). 
San Esteban Island occurs within the Central Gulf Coast region of Sonora, 
Mexico. The climate is hot and arid except during the late summer and fall, when heavy 
rains are common. The island flora is composed of xerophillic and tropical deciduous 
species. Sauromalus varius is strictly herbivorous throughout life, feeding on all parts of 
plants (Sylber, 1988). The ironwood tree (Olneya tesota) is the most important plant in 
the diet, but cacti, grasses and the seasonal rock daisy (Perityle emoryi) blossoms are also 
eaten. Cholla fruit from Cylindropuntia bigelovii (Opuntia ciribe), which contains 
calcium oxalate, a substance that is toxic to many animals, was frequently consumed by 
S. varius in the wild, apparently without ill effects (Lawler et al., 1994). 
Studies of digestive microbial populations in herbivorous lizards are scarce; to 
date, only a few have been published. In the herbivorous lizard Uromastyx aegyptius, the 
presence of a digestive microbial population was implied from measurements of activity 
(Foley et al., 1992). In Iguana iguana, hindgut bacterial populations were measured 
using cultivation and microscopic techniques (McBee and McBee, 1982). They 
determined that the dominant bacterial species were of the genera Leuconostoc and 
Clostridium and conclude that only a small percentage of the microscopic bacterial 
counts were culturable and identifiable. Again using microscopic and cultivation 
techniques, the microbial populations in the digestive tract and feces of the marine iguana 
6 
(Amblyrhynchus cristatus) and the land iguana (Conolophus pallidus) were examined 
(Mackie, et al., 2004). Methanogenic, spore-forming, guar gum and agar-hydrolyzing, 
and lactate utilizing microorganisms were present in the samples. Total culturable 
anaerobic bacterial counts represented only 2.3%-6.7% of the direct microscopic count. 
Due to the indirect methods used in these studies, the results are incomplete. The 
presence and diversity of unculturable and unidentifiable bacterial species found in these 
herbivorous lizards remains unknown. 
Most of our knowledge of digestive microbial populations has been derived using 
indirect microbiological techniques such as selective enrichment, pure culture isolation, 
selective plate counts, and most probable number estimates. Many selective cultivation 
methods fail to mimic the conditions that particular microorganisms require for 
proliferation in their natural habitat. Conventional microscopy fails to detect many 
microorganisms that are bound to sediment or food particles. A genotypically based 
classification scheme, which is independent of indirect microbiological techniques, is 
desirable when describing the microbial populations of the digestive tract. 
The application of nucleic acid (DNA and RNA) based techniques can be used to 
detect and identify microbial populations and overcome detection and classification 
problems associated with indirect microbiological techniques. Sequence variation in 
rDNA has been exploited for inferring phylogenetic relationships among microorganisms 
(Woese, 1987). A commonly used approach in microbial ecology to directly determine 
the genetic diversity of complex microbial populations, such as the digestive tract, is 
denaturing gradient gel electrophoresis (DGGE) (Muyzer et al., 1993). This procedure is 
based on electrophoresis of PCR-amplified 16S rDNA fragments in polyacrylamide gels 
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containing a linearly increasing gradient of denaturants. In DGGE, DNA fragments of 
the same length but with different base-pair sequences can be separated. The gels can 
then be stained and bands can be visualized. The bands directly identify the presence of 
similar rDNA fragments, which should represent bacterial species that are closely related. 
Denaturing gradient gel electrophoresis separates DNA fragments according to 
their melting characteristics. As DNA fragments move through polyacrylamide gels 
containing an ascending gradient of denaturant, small regions called melting domains 
undergo a cooperative strand dissociation to produce partially denatured molecules which 
display a marked decrease in electrophoretic mobility. As these DNA molecules 
continue to move slowly into higher concentrations of denaturant, additional melting 
domains undergo strand dissociation. Once the melting domain with the lowest melting 
temperature reaches its melting temperature at a particular position in the DGGE gel, 
migration of the molecule stops. The addition of a GC-clamp, a single strand of GC-rich 
DNA, to one of the PCR primers insures that the fragment of DNA will remain partially 
double stranded (Myers, et al., 1985). The entire target DNA fragment can be melted 
while the GC-clamp remains in the duplex configuration. 
The purpose of this study is to compare captive-bred versus wild populations of 
Sauromalus varius to see if differences are revealed in fecal bacterial community 
composition using PCR-DGGE. I hypothesize that the two populations, wild and 
captive-bred, will be quite different, considering that the captive-bred lizards have been 
fed a non-native diet since 1977 and no new lizards have been introduced into the 
breeding colony since 1981. A lack of the appropriate microbial digestive populations 
that are capable of digesting the scarcely available plant tissues on their native desert 
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islands may have drastic consequences on the survival of the ASDM lizards when 
released into their native habitat. To date, comparisons of this type have not been made 
for any lizards or any endangered herbivorous animal. 
Chapter II 
MATERIALS AND METHODS 
Sample Collection: 
A field trip to San Esteban Island (latitude 28° 40' 34" N, longitude 112° 35' 
50"W), Sonora, Mexico, was made on September 4, 2005. As the lizards were observed 
defecating, the feces and uric acid deposits were collected directly into a sterile 15 ml 
conical tube and immediately put on ice into a portable cooler. Soil samples were 
obtained at the site where the fecal sample was collected and a sample was taken of any 
plant material the lizards were observed eating. These samples were also collected 
directly into sterile 15 ml conical tubes and placed in the cooler. All samples remained 
on ice until returned to the laboratory, where they were stored at -20°C. 
The Arizona-Sonora Desert Museum provided samples of fecal/uric acid collected 
from their lizards, substrate/soil, diet, and water; each collected directly into sterile 15 ml 
conical tubes. The samples were stored at -20°C until all were collected and shipped on 
ice to the laboratory. These samples were stored in the laboratory at -20°C. 
DNA Extraction: 
The feces/uric acid deposits were soaked overnight at 4°C in sterile water, to re-
hydrate the samples. After re-hydration, the samples were briefly ground and mixed. 
DNA was extracted using an UltraClean Soil DNA Kit (MO BIO Laboratories, Solana 
Beach, Calif.). The manufacturer's protocol was followed with the following exceptions: 




Agarose gel purification: 
DNA extraction products were purified using agarose gel electrophoresis. Five 
microliters of DNA extraction product was loaded into an 8% agarose gel and ran in IX 
TAE at 80 volts for one hour. The gel was stained with ethidium bromide and visualized 
on a UV light box. The bands of DNA were excised and the DNA was released using a 
QIAquick Gel Extraction Kit (Qiagen, Valencia, CA). The DNA released was then used 
in PCR. 
PCR: 
Each DNA sample was amplified using universal bacterial primers homologous to 
a conserved 585 base pair segment of 16S rDNA (Casamayor, et al., 2000). Each 
reaction mixture contained 150 ng of DNA, 25 pmol of forward primer 34 IF 
(5'CGCCCGCCGCGCCCCGCGCCCGTCCCGCCGCCCCCGCCCGGCCTACGGGA 
GGCAGCAG3'), 25 pmol of reverse primer 907R (5' CCGTC AATTCCTTTGAGTTT3') 
in PCR bead tubes (Amersham Biosciences). The forward primer contains a 40 bp region 
of high G + C content (the "GC clamp") at the 5' end, which prevents complete 
dissociation of the DNA strands (Muyzer, 1998). To reduce spurious PCR products, 
touchdown PCR was performed (Muyzer, 1998). After a single cycle of 95°C melting 
for 5 minutes, 65°C annealing for 0.5 minute and 72°C for 0.75 minute were performed; 
9 cycles were performed in which the annealing temperature was decreased 0.5°C each 
cycle. Twenty-five cycles were then performed using an annealing temperature of 60°C, 
an extension of 72°C, followed by a single cycle of 72°C for 5 minutes. 
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The 585 bp PCR product was visually confirmed using agarose gel 
electrophoresis. PCR fragments were stored at -20C until DGGE analysis, which was 
performed within 10 days of PCR. 
Nuclease Trials: 
PCR products were treated with mung bean nuclease (Roche, Indianapolis, IN), 
according to manufacturer's protocol, prior to DGGE analysis. In addition to the 
manufacturer's protocol, the following dilutions of mung bean nuclease were used: 1:10, 
1:20 and 1:30. 
DGGE: 
DGGE was performed using the BioRad D-Code System (BioRad, Hercules, CA). 
To separate PCR fragments, a 25-50% linear DNA-denaturing gradient (100% denaturant 
is equivalent to 7 mol/L urea and 40% deionized formamide) was used in an 8% 
polyacrylamide stacking gel using a BioRad gradient former. Three microliters of PCR 
product were loaded into each lane and electrophoresis was performed at 50 V for 10 
minutes at 60°C, followed by 150 V for 4 hours, in 0.5 X TAE buffer. 
A bacterial reference ladder representing known bacterial strains was loaded onto 
each DGGE gel to allow standardization of band migration among different gels. The 
ladder was created by individually PCR-amplifying, using V3 16S rDNA universal 
bacterial primers, DNA extracted from the following organisms, listed in order of 
migration distance: Bacteroides fragilis, Bifidobacterium bifidum, Escherichia coli, 
Fibrobacter succinogenes S85, Ruminococcus albus SY3, R. albus 7, R. albus 8, and 
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Streptococcus bovis JB1. Reference ladder was obtained from Rod Mackie, University of 
Illinois. 
After electrophoresis, gels were put in a fixing solution (10% w/v ethanol and 
0.5% w/v acetic acid) overnight. Gels were stained with silver (0.1 % w/v silver nitrate) 
for 15 minutes followed by developing (0.0004% w/v formaldehyde, 1.5% w/v sodium 
hydroxide, 0.02% w/v sodium borohydride). Gel images were captured using an Epson 
Perfection 4990 Photo Scanner (Epson, Long Beach, CA). 
Statistical Analyses: 
The gel images were analyzed using Fingerprinting II Informatix software (Biorad 
Laboratories, Hercules, CA). Similarity indices between molecular fingerprint patterns 
were calculated using Dice's similarity coefficient (Ac = [2j'/(a + 6)] x 100), where a = 
number of DGGE bands in lane 1,6 = number of DGGE bands in lane 2, and j = number 
of common DGGE bands, and where Z)sc = 100% demonstrates complete identity. 
Dendrograms showing clustering according to the similarity of banding patterns of 
individual samples were constructed using Ward's algorithm, UPGMA (unweighted pair 
group method with arithmetic mean), single linkage and complete linkage. The strength 
of the branching patterns was evaluated using the cophenetic correlation coefficient 
(CCC). CCC is a measure of how faithfully a dendogram preserves the pairwise 
distances between the original data points (the bands on the DGGE gel). A CCC score of 
100 indicates that a grouping is well supported. The CCC is defined as follows: 
CCC= y„,(x(U)-x) (t(U)-t) 
>/E,</*0j)-x)2] [Ii<j(t (ij) -1)2] 
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Where x(i,j) = \ X, - X,\, the ordinary Euclidean distance between the zth and /th 
observations and /(/, /) = the dendrogrammatic distance between the model points Tt and 
Tj-
Shannon's diversity index, which measures the proportional abundances of 
species in a community, was calculated for each group: wild and captive-bred. 
Shannon's diversity index is calculated by the following equation: 
H' = I [Pi In
 Pi] 
where pt is the proportion of individuals in the population belonging to the zth species; for 
analysis of DGGE patterns,/?, corresponds to the proportional abundance of band i 
(Shannon and Weaver, 1949). 
Chapter III 
RESULTS 
DNA extraction of the wild and captive lizard fecal samples was unsuccessful 
using both of the manufacturer's suggested methods: mechanical lysis or hot detergent 
lysis. A combination of the two methods, hot detergent lysis followed by mechanical 
lysis, provided the best DNA yield for these fecal samples. DNA yields for either hot 
detergent lysis or mechanical lysis alone were <30 ng/|il, whereas DNA yields were > 
130 ng/|j.l when a combination of the two methods was used. Therefore, the combination 
of these two methods was routinely employed to extract DNA. 
Initially, PCR amplification for 16S rDNA genes of DNA extracted from captive 
fecal samples using the UltraClean Soil DNA Kit was unsuccessful, yet most of the wild 
fecal samples provided good amplification using the same methods. The amounts of 
DNA extracted from both wild and captive samples ranged between 130 ng/|al and 200 
ng/|al and were all visualized using agarose gel electrophoresis. 
In an attempt to remove possible PCR inhibitors, DNA recovered from wild and 
captive fecal samples were purified using agarose gel electrophoresis. DNA 
concentrations were measured for each sample after the agarose blocks were cleaned. 
Ranges for captive lizard samples were between 85 ng/(j.l and 160 ng/|il and wild lizard 
samples were between 6 ng/^1 and 75 ng/|il. Most DNA samples were amplified using 
PCR and fingerprint patterns were produced using DGGE. 
An example of the fingerprint patterns of these samples produced using DGGE 
analysis is presented in figure 4. The wild lizard fecal samples are shown in lanes 1 
through 7; lane eight represents the marker; lanes 9 through 15 represent the captive 
14 
lizard fecal samples. After purifying all samples, 12 of the 15 captive fecal samples 
were successfully amplified using PCR, although, only 4 of the 15 wild fecal samples 
were successfully amplified. 
Fifteen wild lizard fecal samples and fifteen captive lizard samples that had not 
been used in the above extractions were used in the UltraClean Soil DNA Kit. After 
soaking in sterile nanopure water overnight, the fecal samples were manually ground and 
mixed for three minutes before DNA was extracted. This time, 11 of the 15 wild samples 
and 9 of the 15 captive samples yielded DNA that was successfully amplified using PCR 
for 16S rDNA genes. These samples, all from identical preparation methods, were used 
in the final DGGE analysis. 
Several trials were conducted using mung bean nuclease in an attempt to remove 
single-stranded DNA, which would provide a clearer gel image. Mung bean nuclease 
was added to the PCR product prior to DGGE analysis and an example DGGE gel from 
these trials in presented in figure 5. Lanes 1-3 represent a 1:30 dilution of mung bean 
nuclease; lanes 4-6 represent a 1:20 dilution of mung bean nuclease; lanes 7-9 represent a 
1:10 dilution of mung bean nuclease. Each group of three lanes consists of one captive 
lizard fecal sample, one wild lizard fecal sample, and one captive lizard substrate sample. 
Several trials were made using various PCR products and various concentrations of mung 
bean nuclease and all trials resulted in an almost total loss of bands from the DGGE gel 
(fig. 5). 
The PCR products from the 11 wild fecal samples and 9 captive fecal samples 
without mung bean nuclease treatment were used in DGGE analysis to produce a 
fingerprint pattern. The subsequent banding patterns produced from DGGE analysis 
differ dramatically between the captive and wild animals (figs. 1 and 2). Within each 
group, the banding patterns are similar for the animals sampled. 
The DNA from the diet and soil samples collected from wild and captive 
populations was successfully extracted and amplified using PCR for 16S rDNA genes. 
Two diet samples from captive lizards and two diet samples from wild lizards were 
successfully amplified; four substrate samples from captive lizards and two substrate 
samples from wild lizards were successfully amplified. Extraction of DNA from the 
water samples collected from lizards in captivity was unsuccessful. The successfully 
PCR-amplified samples, analyzed using DGGE, showed that the banding pattern of the 
captive diet samples has fewer bands present than the wild diet samples (fig. 3), for the 
denaturing gradient used (25-50%). Captive lizard substrate samples produced a banding 
pattern that was similar to wild lizard substrate samples, with respect to the number of 
bands detected. 
Overall, the fingerprint patterns produced using DGGE had a slightly higher 
number of bands for the wild lizard samples than the captive-bred lizard samples (table 
1). The Shannon's Diversity Index was also slightly higher for wild lizard samples. The 
diversity of bacteria found in the fecal samples of captive lizards is only slightly less than 
that of the wild lizards. Since being in captivity, the fecal bacterial community has 
become almost as diverse as that from their wild counterparts. 
The fingerprint patterns produced on the DGGE gels were analyzed using 
Ward's algorithm, UPGMA, single linkage and complete linkage and are presented in 
figs. 6-9, respectively. The Ward's dendogram (fig. 6) separates the lizard fecal samples 
from the diet and substrate samples with a CCC value of 86. The diet and substrate were 
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grouped individually with a CCC value of 88. The wild fecal samples were separated 
from the captive fecal samples with a CCC value of 77. 
The UPGMA dendogram (fig. 7) first separates the wild and captive diet samples 
from the fecal samples and substrate samples with a CCC value of 93. The substrate 
samples are separated from the fecal samples with a CCC value of 92. Wild fecal 
samples and captive fecal samples were separated with a CCC value of 79. 
The single linkage dendogram (fig. 8) groups the diet and substrate samples from 
the fecal samples with a CCC value of 91. The soil and diet samples were separated from 
each other with a CCC value of 87. The fecal samples grouped into wild and captive 
sample clades with a CCC value of 75. 
The complete linkage dendogram (fig. 9) separated the fecal samples from the 
substrate samples with a CCC value of 82 and the diet samples separated from these two 
with a CCC value of 85. The wild and captive fecal samples separated with a CCC value 
of 77. It is interesting to note that the Ward's, UPGMA, and complete linkage 
dendograms grouped two or more captive and wild diet samples together with a CCC 
value of 100. 
All four of the statistical methods used produced dendograms with two distinct 
clades for wild and captive lizard fecal samples. All CCC values associated with these 
clades were high, with UPGMA being the strongest, having a CCC value of 79. These 
results indicate that the captive lizards, being from the original wild population, clearly 
form a distinctive clade. 
Chapter IV 
DISCUSSION 
In this study, the bacterial composition and diversity found in fecal/uric acid 
deposit samples of wild and captive-bred Sauromalus varius were compared using PCR-
based DGGE. The fingerprint patterns produced suggest that the wild lizards and the 
captive-bred lizards have different bacterial populations being excreted in their feces and 
uric acid deposits. It does not appear that soil or diet is directly contributing to the unique 
bacterial community of each group of lizards. The data from this study suggests that the 
gut bacterial composition of captive-bred lizards are not a subset of the original wild 
population, but are a distinctive group with as much diversity as the wild population. 
There are several possible reasons that could help explain why these two 
populations appear unique. The captive-bred lizards have been fed a non-native diet 
composed of produce grown for human consumption and some seasonal flowers found 
around the ASDM. Sylber (1988) used a quantitative macroscopic analysis of 375 
Sauromalus varius fecal pellets collected from San Esteban Island to examine the 
foodstuffs eaten. The diet consisted of 12 plant families and 22 plant species. Animal 
material was not present in any of the fecal samples collected. When the diet was 
subdivided into plant types, shrubs were the most frequently eaten food item (40.4%), 
followed by forbs (32.4%), tree leaves and fruits (18.8%), cactus flowers and fruits 
(6.6%), and grasses (1.2%). Research into the appropriate captive diet was made 
considering this and similar analyses of the natural diet and was furthered by analyzing 
some nutritional values of the native plants and those found in the captive-bred 
Sauromalus varius diet (Lawler, 1994). It was concluded that the nutritional content of 
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native plant foods is different than commercially available produce, such as alfalfa, 
carrot, collard and mustard, which are the major components of the captive diet. 
Suggestions to improve the diet of captive-bred lizards were not made. The diet today 
still consists of mostly alfalfa, carrot, collard greens, mustard greens and some seasonal 
flowers, which is quite different from the cacti and shrubs from their native desert island. 
Neither of these studies considered the microbial symbionts required to break down plant 
tissue. 
The composition of microbial symbionts that aid in digestion is, in part, 
determined by the diet of the host. Several recent studies have provided evidence that 
suggests that changes in diet modify the composition of microbial populations in the gut. 
The effect of feed from two different commercial producers on the microbial 
communities of broiler chickens from eight different farms in Finland was recently 
examined (Apajalahti et al., 2001). Percent G + C-based profiling and sequencing of 16S 
rDNA fragments were performed on samples of cecal contents. Among all eight farms 
sampled, differences in diet were the strongest determinant of the cecal bacterial 
community structure, while differences between farms had little impact. In another study 
(Cresci, et al, 1999), the effect of variations in dietary carbohydrates (sucrose and starch) 
on the colonic microflora in rats was investigated. Culture-dependent methods for the 
identification of aerobes and anaerobes, and short-chain fatty acid analysis of fecal 
samples were used. Their findings suggest that changes in the amount of sucrose and 
starch markedly modify the composition of fecal microflora. Other studies (Moore et al., 
1981; Canzi et al., 1994) concluded that changes in population structure of bacterial 
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communities of the gastrointestinal tract of humans and rats were evident after drastic 
changes in diet composition. 
Herbivorous animals acquire their digestive miroflora through contact with the 
mother or other adults. Protozoans and some bacteria can be transmitted to newborn 
ruminants only by close contact, such as consumption of fecal material deposited by other 
adults in grazing areas. Coprophagy of adult fecal material by hatchings of herbivorous 
lizards has been reported (Amblyrhynchus cristatus, Cyclura carinata, and Iguana 
iguana), suggesting that digestive microflora are transferred through feces directly from 
adult to hatchling (Hungate, 1986). 
The green iguana (Iguana iguana) is a large, strictly herbivorous lizard and is the 
most abundant and widespread herbivorous lizard in the new world. Troyer (1982) 
investigated the acquisition of fermentative microbes, identified using microscopic 
methods, in the green iguana of Panama. Iguanas reared isolated in captivity failed to 
develop the populations of fermentative microbes found in adults in the wild. They also 
grew more slowly and reached a smaller adult size when compared to wild adults. 
Captive hatchlings fed fecal material from adult iguanas in the wild grew just as rapidly 
as hatchling iguanas in the wild and acquired the same complex microflora. It was 
concluded in this study that direct contact with older green iguanas was required for the 
acquisition of fermentative microbes, usually involving hatchlings consuming fecal 
material of the adults. Troyer (1984) also identified fecal material in the digestive tract of 
several hatchlings examined in the field and observed hatchlings in unusually close 
proximity to adults during the first weeks of life. The captive-bred lizards of the ASDM 
have been isolated from wild lizards since 1981, therefore unable to acquire the digestive 
microbes of their wild counterparts. 
Identification of the species composing the bacterial populations in the fecal/uric 
acid deposit samples taken from the wild and captive-bred Sauromalus varius may be 
informative. This type of further study may be able to identify which bacteria have been 
lost from the captive-bred population. Current knowledge regarding the microbial 
species composition involved in degradation of plant fiber is limited. At this point, it is 
difficult to identify the bacterial consortia required for digestion of the endemic plant 
material on San Esteban Island. 
It is important to note that wild Sauromalus varius frequently consume cholla 
fruit (Opuntia ciribe), which contains extremely high amounts calcium oxalate (Lawler, 
et al., 1994). Oxalic acid is a toxic substance that is commonly consumed in small 
amounts, although ingesting large amounts causes serious illness or death in some 
animals (Jeghers and Murphy, 1945). Degradation of oxalate by gastrointestinal 
microbes has been shown in humans, swine and certain rodents (Allison and Cook, 
1981), although the specific organisms responsible for this activity have not been 
identified. Since it is currently not known which microbe or microbes are responsible for 
detoxification of calcium oxalate, it is not known if lizards from the previously 
unexposed captive-bred population would be able to survive in their native habitat if 
cholla fruit was consumed. 
Fecal samples provide only partial insight into the composition and diversity of 
digestive microbial symbionts. In a study of bacteria in the gastrointestinal tract of 
humans, the mucosa-associated bacteria in the colon were found to have a significantly 
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different composition than the bacteria in the feces (Zoetendal, E. G. et al., 2002). 
Further study into the microbial symbiont populations in the gastrointestinal tract of 
Sauromalus varius could provide further insight. Collecting adequate samples of the 
digestive tract of these endangered lizards for such studies are difficult. Studies of other 
non-threatened herbivorous lizards may provide model systems. 
In this study, comparisons were made using PCR-based DGGE. There are several 
major limitations that must be considered when using such a technique. Purification of 
nucleic acids can be difficult, especially using fecal material of hervivores, as these 
materials are not simple matrices. Because of differences in the organization of the cell 
wall, not all bacterial species have the same sensitivity to the lytic agents, making it 
difficult to extract DNA from all species with the same efficiency. Many compounds, 
such as proteins and carbohydrates, can persist through the extraction and may act as 
inhibitors during PCR (Wilson, 1997). 
The PCR itself can be a source of bias, due to differential or preferential 
amplification of rDNA genes (Reysenbach et al., 1992). A mixture of DNA from a 
complex community may only be partially amplified by PCR, leading to a product where 
some of the original community members are missing. Preferential amplification may 
represent a problem with PCR-DGGE analysis. The number of species detected may be 
an underestimate due to a lack of amplification by PCR of a specific DNA template. 
Several recent studies suggest that the DGGE fingerprint detects more species, 
and therefore greater diversity, than laboratory cultivation and sequencing. For example, 
in a study of the small-intestinal bacterial diversity in dogs (Suchodolski, J. S, et al., 
2004), DGGE not only provided a fingerprint which included the same species of bacteria 
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isolated from cultivation, but also allowed for the identification of bacterial species not 
previously cultured. While molecular fingerprinting does not allow immediate 
discrimination between bacterial species, it does allow direct comparison of microbial 
communities from different samples. 
Despite these and other limitations, PCR-based DGGE is a powerful tool in 
microbial ecology. While PCR and DGGE-associated artifacts could affect assessment of 
bacterial populations, PCR and DGGE are widely used methods, emphasizing that these 
theoretical objections are of small significance in comparative studies (Bartosch et al., 
2004; Huijsdens et al., 2002; Matsuki, et al., 2004). 
It appears that there are differences between the bacterial community present in 
fecal/uric acid samples collected from wild and captive-bred Sauromalus varius. This 
may have an effect on the future survival of this endangered species. It may be beneficial 
to allow the captive lizards contact with wild lizards, as microbial symbionts can be 
transferred between lizards. Populations of the original microbes may be established in 
the captive lizards if the diet is returned to that of their native habitat. Because the 
remaining population in the wild is so small, it is extremely difficult to introduce new 
lizards in captivity. Transferring endangered animals between countries also has its 
complications. Returning the diet of captive-bred lizards to that of native lizards is 
difficult financially, especially considering the limited budget of the ASDM. 
Considering the results of this study, the diet of captive-bred lizards needs to be a priority 
in the conservation of the species-
Applying physiological techniques to conservation problems, such as 
repopulation efforts, may enable conservation biologists to understand the physiological 
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responses of organisms to their changed environment. An often overlooked aspect of 
conservation biology is animal nutrition. In 1976, a reintroduction program was started 
to repopulate land iguanas (Conolophus spp.) on some Galapagos islands where they had 
been eradicated. Initially, efforts to breed land iguanas in captivity were hampered by 
high mortality of hatchlings. A nutritional physiologist was consulted and the improper 
diet being fed to hatchlings, which caused abnormal hindgut fermentation, was found to 
be the cause of high mortality. With a proper diet, the mortality rates declined and the 
reintroduction effort was successful (Cayot and Oftedal, 1996). 
Considerations such as those raised here should be made in repopulation efforts 
of endangered herbivorous animals. To my knowledge, no studies have been published 
that address such an issue. A herbivorous animal must have the proper gastrointestinal 
microbial populations required to digest their native diet and this is especially important 
when their native diet consists of toxic substances and scarcely available food. 
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F/g. 7. DGGE profiles of PCR-amplified V3 16S rDNA gene fragment banding 
patterns of fecal/uric acid deposit samples collected from captive lizards. M = 
bacterial standard marker; CI through C9 refers to samples 1 through 9. 
30 
M W1 W2 W3 W4 W5 M W6 W7 W8 W9 W10 Wll 
.»I 
m B 
•j l * i 
1 
H ' 1» < 
Fig. 2. DGGE profiles of PCR-amplified V3 16S rDNA gene fragment banding patterns of 
fecal/uric acid deposit samples collected from wild lizards. M = bacterial standard marker; 
W1 through W11 refers to samples 1 through 11. 
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F/g. 3. DGGE profiles of PCR-amplified V3 16S rDNA gene fragment banding patterns 
from of wild and captive lizard diet and substrate samples. M = bacterial standard marker; 
CD = captive lizard diet; WD = wild lizard diet; CS = captive lizard substrate; WS = wild 
lizard substrate. 
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Fig 4. DGGE profiles of PCR-amplified V3 16S rDNA gene fragment banding 
patterns of fecal/uric acid deposit samples collected from wild and captive lizards. M 
bacterial standard marker; Wa-Wg = wild lizard samples a-g; Ca-Cg = captive lizard 
samples a-g. 
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Fig. 5. DGGE profiles of PCR-amplified V3 16S 
gene fragment banding patterns of lizard fecal/uric 
acid deposits treated with mung bean nuclease. 
Lanes 1-3 represent a 1:30 dilution of mung bean 
nuclease; lanes 4-6 represent a 1:20 dilution of 
mung bean nuclease; lanes 7-9 represent a 1:10 
dilution of mung bean nuclease. 
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Fig. 6. Dendogram obtained using Dice's similarity coefficient and Ward's algorithm of PCR-amplified V3 16S rRNA gene 
fragment banding patterns from wild and captive fecal/uric acid deposit, diet and substrate samples. The values at nodes of 

































Fig. 7. Dendogram obtained using Dice's similarity coefficient and UPGMA clustering of PCR-amplified V3 16S rRNA 
gene fragment banding patterns from wild and captive fecal/uric acid deposit, food and soil/substrate samples. The values at 
nodes of the dendogram are cophenetic correlation coefficients. 
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F/g-. 8. Dendogram obtained using Dice's similarity coefficient and Single Linkage clustering of 
PCR-amplified V3 16S rRNA gene fragment banding patterns from wild and captive fecal/uric 




































Fig. 9. Dendogram obtained using Dice's similarity coefficient and Complete Linkage 
clustering of PCR-amplified V3 16S rRNA gene fragment banding patterns from wild and 
captive fecal/uric acid deposit, diet and substrate samples. The values at nodes of the 
dendogram are cophenetic correlation coefficients. 
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Table 1. DGGE average number of bands and Shannon's 
Diversity Index 
Captive Samples (n=9) Wild Samples (n=ll) 
Avg # of Bands 22.7 24.5 
Shannon's Diversity 
Index 
4.43 4.62 
